Recent studies suggest that AMPK activation improves endothelial function by counteracting oxidative stress in endothelial cells. How AMPK suppresses oxidative stress remains to be established. Objective: The aim of this study is to examine the effects of AMPK in regulating NAD(P)H oxidase, oxidative stress, and endothelial function. Methods and Results: The markers of oxidative stress, NAD(P)H oxidase subunit expression (gp91 phox , p47 phox , p67 phox , NOX1 to -4), NAD(P)H oxidase-mediated superoxide production, 26S proteasome activity, IB␣ degradation, and nuclear translocation of nuclear factor (NF)-B (p50 and p65) were examined in cultured human umbilical vein endothelial cells and mouse aortas isolated from AMPK␣2 deficient mice. Compared to the wild type, acetylcholine-induced endothelium-dependent relaxation was significantly impaired in parallel with increased production of oxidants in AMPK␣2 ؊/؊ mice. Further, pretreatment of aorta with either superoxide dismutase (SOD) or tempol or apocynin significantly improved acetylcholine-induced endothelium-dependent relaxation in AMPK␣2 ؊/؊ mice. Analysis of aortic endothelial cells from AMPK␣2 ؊/؊ mice and human umbilical vein endothelial cells expressing dominant negative AMPK or AMPK␣2-specific siRNA revealed that loss of AMPK activity increased NAD(P)H oxidase subunit expression (gp91 phox , p47 phox , p67 phox , NOX1 and -4), NAD(P)H oxidase-mediated superoxide production, 26S proteasome activity, IB␣ degradation, and nuclear translocation of NF-B (p50 and p65), whereas AMPK activation by AICAR or overexpression of constitutively active AMPK had the opposite effect. Consistently, we found that genetic deletion of AMPK␣2 in low-density lipoprotein receptor knockout (LDLr ؊/؊ ) strain markedly increased 26S proteasome activity, IB degradation, NF-B transactivation, NAD(P)H oxidase subunit overexpression, oxidative stress, and endothelial dysfunction, all of which were largely suppressed by chronic administration of MG132, a potent cell permeable proteasome inhibitor. Conclusions: We conclude that AMPK␣2 functions as a physiological suppressor of NAD(P)H oxidase and ROS production in endothelial cells. In this way, AMPK maintains the nonatherogenic and noninflammatory phenotype of endothelial cells. (Circ Res. 2010;106:1117-1128.)
AMPK␣1␤1␥1, whereas AMPK␣2 is a minor form. 2 However, both AMPK␣1 and AMPK␣2 might be equally important in maintaining endothelial function. AMPK␣1 [2] [3] [4] and -␣2 5 increase NO release by phosphorylating both Ser1177 and Ser635 of endothelial NO synthase (eNOS) in endothelial cells. In addition to its key role in endothelial cell biology, AMPK regulates the functions of vascular cells and monocytes/macrophages. For example, AMPK activation inhibits the vascular smooth muscle cell hypertrophy induced by angiotensin II. 6 AMPK␣1, which is the predominant isoform of AMPK in human and mouse macrophages, also suppresses the proinflammatory response. 7 Thus, AMPK is a logical therapeutic target for the treatment of diseases rooted in cellular proliferation, including atherosclerosis and cancer.
Recent studies suggest that AMPK activation improves endothelial function by counteracting oxidative stress in endothelial cells. Studies from Ido 8 have shown that incubation of human umbilical vein endothelial cells (HUVECs) with high glucose significantly increases apoptosis related to oxidative stress. However, coincubation with the AMPK activator, AICAR, completely prevents this change, suggesting that AMPK is important for the protection of endothelial cells against the adverse effects of sustained hyperglycemia. Interestingly, Ouslimani et al have reported 9 that another AMPK activator, metformin, decreases ROS production in aortic endothelial cells, an effect partially attributed to a decrease in ROS derived from the mitochondrial respiratory chain. More direct evidence that activation of AMPK reduces hyperglycemia-induced mitochondrial ROS production has been provided by Kukidome et al, 10 who showed that induc-tion of manganese SOD and promotion of mitochondrial biogenesis occurs through the activation of the AMPK-PGC1␣ pathway in HUVECs. Recently, Zang et al 11 reported that treatment with the polyphenol S17834, augments hepatic AMPK and acetyl-CoA carboxylase phosphorylation and thereby decreases hepatic and serum lipids, suppressing the acceleration of atherosclerosis caused by diabetes in lowdensity lipoprotein (LDL) receptor knockout (LDLr Ϫ/Ϫ ) mice. These studies support the notion that AMPK promotes endothelial function by suppressing NAD(P)H oxidase-derived ROS production. At present, the relationship between AMPK, endothelial function, and NAD(P)H oxidase has not been fully defined. Thus, the aim of this study was to determine the effect and molecular mechanisms of AMPK␣2 deletion in endothelial function. Our data suggest that AMPK␣2 protects vascular endothelial cells from oxidative stress by suppressing the NF-B-mediated expression of NAD(P)H oxidase.
Methods
Male AMPK␣2 Ϫ/Ϫ mice were generated, as previously described. 12 Their genetic controls (C57BL/6 wild-type [WT] mice) were obtained from the Jackson Laboratory (Bar Harbor, Me) and were 8 to 12 weeks of age, with a weight of 20 to 25 g. Mice were housed in temperature-controlled cages under a 12-hour light-dark cycle and given free access to water and normal chow. The mice were euthanized with inhaled isoflurane. Aortas were then removed and immediately frozen in liquid nitrogen or incubated with different agents. AMPK␣2 Ϫ/Ϫ mice that had been backcrossed to a C57BL/6 background were crossed with LDLr Ϫ/Ϫ mice of C57BL/6 background, to generate LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ mice. LDLr Ϫ/Ϫ / AMPK␣ ϩ/ϩ control mice served as controls. The mice aged 5 weeks old were fed a Western diet (WD) containing 0.21% cholesterol and 21% fat (Research Diets Inc, D12079B) for 8 weeks. Two weeks after Western diets, an MG132 osmotic pump (delivered at rate of 0.72 mg/kg per day; DURECT Corporation, Model 2006) or the inhibitor-diluent (DMSO), as a negative control, was implanted subcutaneously in LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ or LDLr Ϫ/Ϫ control mice for 6 weeks. The animal protocol was reviewed and approved by the University of Oklahoma Institute Animal Care and Use Committee.
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org and includes detailed information regarding the following: cell culture, adenovirus and siRNA transfection to cells; preparation of subcellular fractions; Western blot analysis; 26S proteasome activity assay; detection of ROS; assays for endothelium-dependent relaxation; measurement of serum cholesterol, triglyceride, and blood glucose levels; immunohistochemistry, cytokine assay, assays of SOD, and catalase activity; and statistical analysis.
Results

AMPK␣2 Deletion Impairs Endothelium-Dependent Vasorelaxation
In endothelial cells, AMPK regulates the bioactivity of NO, an essential factor for vascular homeostasis. [2] [3] [4] We first determined whether AMPK␣2 deletion affects endothelial function in isolated mouse aortas. Mouse aortas that were preconstricted with 9,11-dideoxy-11-,9-epoxymethanoprostaglandin F2 (U46619) (30 nmol/L) were stimulated with acetylcholine (ACh) (1ϫ10 Ϫ8 to 1ϫ10 Ϫ4 mol/L) to assay the endothelium-dependent vasorelaxation. The maximal endothelium-dependent relaxation induced by ACh (1ϫ10 Ϫ4 mol/L) was less in AMPK␣2 Ϫ/Ϫ aortas (60.9Ϯ5.5%) than in C57BL6 WT aortas (85.5Ϯ10.5%, PϽ0.05) ( Figure 1A ). However, the endothelium-independent vasorelaxation induced by sodium nitroprusside (SNP) (1ϫ10 Ϫ10 to 1ϫ10 Ϫ6 mol/L) did not differ between AMPK␣2 Ϫ/Ϫ and WT mice ( Figure 1B ).
Non-standard Abbreviations and Acronyms
Impaired Endothelium-Dependent Relaxation in the AMPK␣2 ؊/؊ Aortas Is ROS-Dependent
Because increased ROS production is thought to cause endothelial dysfunction, we determined whether scavenging ROS improves ACh-induced relaxation in aortas from AMPK␣2 Ϫ/Ϫ mice. Aortic rings from WT and AMPK␣2 Ϫ/Ϫ mice were incubated with tempol (10 mol/L), a SOD mimetic, or polyethylene glycol SOD (PEG-SOD) 100 U/mL) for 12 hours in culture medium. Tempol, which didn't alter ACh-induced relaxation in WT aortas, increased AChinduced endothelium-dependent relaxation in aortas from AMPK␣2 Ϫ/Ϫ mice (73.8Ϯ9.50% versus 60.9Ϯ5.5%, PϽ0.05, Figure 1A ). However, tempol failed to alter SNP-induced endothelium-independent relaxation in aortas from AMPK␣2 Ϫ/Ϫ mice ( Figure 1B) . Further, the addition of PEG-SOD normalized ACh-induced endothelium-dependent relaxation in AMPK␣2 Ϫ/Ϫ mice without affecting SNP-induced endothelium-independent vasorelaxation ( Figure 1C ).
Inhibition of NAD(P)H Oxidase Abolishes Endothelial Dysfunction in AMPK␣2 ؊/؊ Mice
To determine whether NAD(P)H oxidase is a source of ROS in AMPK␣2 Ϫ/Ϫ mice, aortas isolated from these animals were incubated with apocynin (100 mol/L), a selective NAD(P)H oxidase inhibitor for 24 hours. Apocynin partially but significantly normalized ACh-induced endotheliumdependent relaxation in AMPK␣2 Ϫ/Ϫ aortas (75.5Ϯ13.1% versus 60.9Ϯ5.5%, PϽ0.05, Figure 1D ), but had no effect on SNP-induced endothelium-independent relaxation ( Figure  1E ). Taken together, these results suggest that NAD(P)H oxidase is the primary source of ROS in AMPK␣2 Ϫ/Ϫ mice.
AMPK␣2 Deletion Increases the Expression of NAD(P)H Oxidase Subunits, NAD(P)H Oxidase Activity, and ROS Production
NAD(P)H oxidase is an enzyme complex consisting of Nox1, Nox2, Nox4, Nox5, p22 phox , p47 phox , p67 phox , and the small G protein Rac1. 13, 14 As apocynin partially inhibited endothelial dysfunction in AMPK␣2 Ϫ/Ϫ mice ( Figure 1D ), we measured the expression of each NAD(P)H oxidase subunit in AMPK␣2 Ϫ/Ϫ mice. As expected, AMPK␣2 protein was absent in the aortas of AMPK␣2 Ϫ/Ϫ mice. However, aortic expression of the essential subunits, p47 phox , p67 phox , and gp91 phox ( Figure 1F ), as well as the catalytic subunit, both NOX1 and NOX4, 15, 16 was increased in AMPK␣2 Ϫ/Ϫ mice compared to their WT counterparts (Online Figure I, A) , accompanied with the increased NAD(P)H oxidase activity ( Figure 1G ). AMPK is reported to phosphorylate eNOS at Ser1177 or 633 resulting in increased NO release. 5, 17, 18 Next, we determined if AMPK␣2 deletion altered the expression and phosphorylation of eNOS. As shown in Figure 1F , the levels of total eNOS and phospho-eNOS were similar between WT and AMPK␣2 Ϫ/Ϫ , suggesting that impaired endotheliumdependent relaxation observed in mouse aortas from AMPK␣2 Ϫ/Ϫ mice was not attributable to abnormal expression or altered phosphorylation status of eNOS.
Next, we studied whether the increased NAD(P)H oxidase expression is attributable to macrophage infiltration of the vascular wall by immunohistochemical staining of CD68 and F4/80, 2 well-characterized macrophage markers. As depicted in Online Figure I (B), weak stainings of CD68 were found in the aortic roots from WT and AMPK␣2 Ϫ/Ϫ mice. Further, there was no difference between WT and AMPK␣2 Ϫ/Ϫ mice. Similarly, there was no difference in the stainings of F4/80 between WT and AMPK␣2 Ϫ/Ϫ mice (data not shown). These results are consistent with a recent report that AMPK␣2 is only minimally present in mouse and human macrophages and monocytes. 7 Taken together, our results suggest that increased expression of NOX2 and other subunits of NAD(P)H oxidase is unlikely caused by increased infiltration of leukocytes.
Next, we determined whether upregulation of these NAD(P)H oxidase subunits results in increased ROS production. Aortic ROS levels measured by dihydroethidium (DHE)/HPLC were greater in AMPK␣2 Ϫ/Ϫ mice than WT mice ( Figure 1H ), and this elevation in ROS was inhibited by either tempol or apocynin. In contrast, allopurinol (50 mol/L) did not alter ROS production in AMPK␣2 Ϫ/Ϫ aortas. Increased ROS production in AMPK␣2 Ϫ/Ϫ mice aortic endothelium was further confirmed by DHE/vWF double staining (Online Figure II, A) . In addition, the aortic expression and activity of SOD and catalase, 2 important antioxidant enzymes, were similar in AMPK␣2 Ϫ/Ϫ and WT mice (Online Figure IIB and IIC). These results suggest that upregulation of NAD(P)H oxidase contributes to the increased aortic ROS levels observed in AMPK␣2 Ϫ/Ϫ mice.
AICAR-Induced AMPK Activation Inhibits the Expression of NAD(P)H Oxidase Subunits in Endothelial Cells
In human neutrophils, AMPK activation with AICAR significantly attenuates phorbol 12-myristate 13-acetate-stimulated O 2
Ϫ⅐ release through the suppression of NAD(P)H oxidase activity. 19 We analyzed the effect of AMPK activation on NAD(P)H oxidase expression by incubating HUVECs with varying concentrations of AICAR (0.25 to 2 mmol/L) for 24 hours and then measuring p47 phox and p67 phox levels by Western blotting. AICAR activated AMPK, as evidenced by an increase in AMPK phosphorylation at threonine 172, an essential phosphorylation site for AMPK activation. In addition, exposure of HUVECs to AICAR decreased both p47 phox and p67 phox in a time-dependent ( Figure 2A ) and dose-dependent manner ( Figure 2B ). Dose-dependent decreases in these subunits were mirrored by both time-and dosedependent increases in AMPK Thr172 phosphorylation (Online Figure III ).
AICAR-Induced Suppression of NAD(P)H Oxidase Subunit Expression Is AMPK␣2-Dependent
To determine whether inhibition of NAD(P)H oxidase by AICAR is AMPK␣2-dependent, we infected cells with adenovirus encoding dominant negative AMPK (Ad-AMPK-DN) in HUVECs. As shown in Figure 2C , AICAR inhibited the expression of p47 phox and p67 phox in both noninfected cells and cells expressing adenoviral GFP (Ad-GFP). In contrast, overexpression of Ad-AMPK-DN bypassed the effect of AICAR on both p47 phox and p67 phox . In addition, the overexpression of Ad-AMPK-DN led to a marked increase in ROS levels ( Figure 2D ).
The ability of AICAR-induced AMPK␣2 activation to inhibit NAD(P)H oxidase was confirmed by transfecting HUVECs with AMPK␣2 siRNA. Suppression of AMPK␣2 expression by AMPK␣2-specific siRNA was confirmed by Western blotting (Figure 2E ). AMPK␣2 siRNA, but not control siRNA, blocked the effect of AICAR on p47 phox and p67 phox expression ( Figure 2E ). Accordingly, AMPK␣2 siRNA, but not control siRNA, significantly increased ROS production in HUVECs ( Figure 2F ), and this increase was partially inhibited by apocynin ( Figure 2F ).
AMPK␣2 Deletion Increases IB␣ Degradation, NF-B Translocation, and Expressions of NAD(P)H Oxidase Subunits in Endothelial Cells
Next, we compared the expression of NAD(P)H oxidase subunits between mouse aortic endothelial cells (MAECs) isolated from WT and AMPK␣2 Ϫ/Ϫ mice. Compared to WT MAECs, AMPK␣2 Ϫ/Ϫ MAECs exhibited elevated expression of p47 phox , p67 phox , and gp91 phox ( Figure 3A ). Because NF-B regulates the expression of NAD(P)H oxidase subunits 20, 21 and is anchored and inactivated in the cytoplasm by association with members of IB␣ in quiescent cells, we next examined the levels and phosphorylation of the NF-B inhibitor, IB␣, as well as the subcellular localization of the NF-B subunits, p65 and p50, which trigger gene transcription on translocation to the nucleus. 22 As shown in Figure 3B , AMPK␣2 Ϫ/Ϫ MAECs contained reduced IB␣ levels and exhibited increased IB␣ phosphorylation, which is required for proteasome-dependent degradation of IB␣. Further, nuclear levels of p65 and p50 were significantly higher in AMPK␣2 Ϫ/Ϫ MAECs than in WT MAECs ( Figure 3C ).
Consistent with these results, an NF-B inhibitor significantly reduced aortic p47 phox and p67 phox levels in MAECs isolated from AMPK␣2 Ϫ/Ϫ mice ( Figure 3D ), suggesting that AMPK␣2 deficiency induces NAD(P)H oxidase subunit expression through activation of IB␣/NF-B. Like the NF-B inhibitor, MG132 (a potent 26S proteasome inhibitor) reduced p47 phox and p67 phox levels in AMPK␣2 Ϫ/Ϫ mice ( Figure 3E ). This effect was also seen in WT mice.
Thus, increasing IB␣ expression or decreasing its proteasomal degradation might suppress NF-B activation. Because AMPK activation suppressed the expression of both p47 phox and p67 phox , we determined whether AICAR increased the levels of IB␣ in endothelial cells. Treatment of HUVECs with AICAR led to a progressive increase in IB␣ protein levels ( Figure 4A ). Interestingly, AICAR suppressed the expression of p47 phox and p67 phox in HUVECs transfected with control but not IB␣ siRNA ( Figure 4B ), implying that IB␣ is required for p47 phox and p67 phox expression by AICAR.
We also tested whether AICAR suppresses IB␣ degradation in MAECs from AMPK␣2 Ϫ/Ϫ mice. We found that AICAR significantly increased the levels of IB␣ in MAECs from WT mice, but not in AMPK␣2 Ϫ/Ϫ mice ( Figure 4C ). Taken together, these results suggest that AMPK␣2 is required for AICARinduced elevation of IB␣ in endothelial cells.
AMPK Activation Inhibits 26S Proteasome Activity in Endothelial Cells
The ubiquitination and consequent proteasome-dependent degradation of IB␣ is critical for NF-B transactivation in endo-thelial cells. Because MG132 countered the stimulatory effect of AMPK␣2 deletion on p47 phox and p67 phox expression, we determined whether AMPK suppresses NF-B activation by inhibiting proteasome-dependent IB␣ degradation. We discovered that 26S proteasome activity was greater in MAECs from AMPK␣2 Ϫ/Ϫ mice than those from WT mice ( Figure 5A ), and that AICAR suppressed 26S proteasome activity only in WT MAECs. Another potent AMPK activator, metformin, also inhibited 26S proteasome activity in HUVECs ( Figure 5B ). In addition, AICAR inhibited 26S proteasome activity, in a time-dependent manner ( Figure 5C ). Overexpression of Ad-AMPK-DN, but not of GFP, in these cells increased 26S proteasome activity ( Figure 5D ). Further, adenoviral overexpression of Ad-AMPK-CA but not of GFP, significantly suppressed the activity of the 26S proteasome in HUVECs. Taken together, these results imply that inhibition of 26S proteasome by AICAR is dependent on AMPK.
AMPK␣2 Deletion Enhances Oxidative Stress in LDLr ؊/؊ Mice
We next determined whether AMPK deletion affects the development of oxidative stress. To determine the effects Figure 6A ). Importantly, 3-NT, MDA and HNE stainings were greater in LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ mice than in the LDLr Ϫ/Ϫ control mice. The increased oxidative stress in LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ mice was further confirmed by increased ROS productions assayed by DHE/ HPLC ( Figure 6B) , and 3-NT by Western blot ( Figure 6C ). Collectively, these results suggest that AMPK␣2 depletion heightens oxidative stress in LDLr Ϫ/Ϫ mice.
AMPK␣2 Deletion in LDLr ؊/؊ Background Does Not Affect Body Weight, Serum Lipid, or Blood Glucose
Next, we compared metabolic parameters between LDLr Ϫ/Ϫ and LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ mice. No differences in body weight, blood glucose, serum cholesterol, or triglyceride were observed between LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ and LDLr Ϫ/Ϫ mice (Suppl . Table I ). MG132 treatment did not affect body weight, blood glucose, cholesterol, or triglyceride levels in either group (Online Table I ).
Proteasome Inhibition With MG132 Attenuates Oxidative Stress and Improves the Endothelium-Dependent Vasorelaxation in LDLr ؊/؊ /AMPK␣2 ؊/؊
We next determined whether the proteasome activation caused by AMPK␣2 deletion contributes to increased oxida- tive stress in LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ mice. Both LDLr Ϫ/Ϫ and LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ mice were infused with MG132 for 6 weeks while being fed a WD. As depicted in Figure 6A , MG132 administration significantly attenuated the expression of 3-NT, MDA, and HNE in LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ mice, but had no effect on LDLr Ϫ/Ϫ mice, implying that chronic proteasome inhibition suppresses oxidative stress in LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ mice.
We then tested whether proteasome inhibition alters endothelial function in LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ and LDLr Ϫ/Ϫ mice. When fed a normal diet, the aortas of LDLr Ϫ/Ϫ / AMPKa2 Ϫ/Ϫ mice exhibited impaired endotheliumdependent vasorelaxation, compared to LDLr Ϫ/Ϫ mice (data not shown). WD decreased the endothelium-dependent response to ACh in both LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ and LDLr Ϫ/Ϫ mice ( Figure 6D ). Further, MG132 administration markedly improved the endothelium-dependent vasorelaxation of both LDLr Ϫ/Ϫ and LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ mice.
MG132 Ablates Abnormal Expressions and Activity of the NAD(P)H Oxidase In Vivo
Because apocynin partially restored ACh-induced endothelium-dependent relaxation in the aortas isolated from AMPK␣2 Ϫ/Ϫ and increased expression of NAD(P)H oxidase subunits in cultured MAECs from AMPK␣2 Ϫ/Ϫ , we proceeded to measure the expression of the NAD(P)H subunits in the aortas from LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ and LDLr Ϫ/Ϫ mice. As shown in Figure 7A , immunohistochemical stainings for NOX4, p47 phox and p67 phox subunits were noticeably increased in LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ mice compared to LDLr Ϫ/Ϫ mice. MG132 treatment suppressed the expressions of NOX4, p47 phox and p67 phox subunits in LDLr Ϫ/Ϫ / AMPK␣2 Ϫ/Ϫ mice. The upregulation of p47 phox and NOX4, and the effect of MG132 were confirmed by Western blot analysis ( Figure 7B ). Consistent with these observations, we found increased activity of NAD(P)H oxidase in LDLr Ϫ/Ϫ / AMPK␣2 Ϫ/Ϫ compared to LDLr Ϫ/Ϫ counterparts ( Figure   7C ). Importantly, MG132 suppressed NAD(P)H oxidase activity in both LDLr Ϫ/Ϫ and LDLr Ϫ/Ϫ / AMPK␣2 Ϫ/Ϫ mice ( Figure 7C ). Collectively, our results suggest that proteasome inhibition suppresses abnormal expression and activity of NAD(P)H oxidase in LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ mice.
MG132 Suppresses the Reduction of IB␣ and NF-B Translocation in LDLr ؊/؊ /AMPK␣2 ؊/؊ Mice Aortas
NF-B is anchored and inactivated in the cytoplasm by association with IB␣. 23 Thus, it was important to examine the levels of IB␣ in aortas of LDLr Ϫ/Ϫ and LDLr Ϫ/Ϫ / AMPK␣2 Ϫ/Ϫ mice. As expected, immunohistochemical staining of IB␣ was mainly found in endothelial cells, although weak staining was also found in other cell types. Importantly, IB␣ staining in endothelial cells was reduced in LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ mice compared to LDLr Ϫ/Ϫ mice ( Figure 8A ). Further, MG132 treatment increased the expression IB␣ in LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ mice, as demonstrated by immunohistochemical staining. The change of IB␣ protein was further confirmed by Western blot (Figure 8B) .
Phosphorylation of the p65 subunit of NF-B increases its binding affinity to targeted genes and phospho-p65 (P-p65) is a marker for NF-B activation. 24 We therefore measured the levels of P-p65 in both LDLr Ϫ/Ϫ / AMPK␣2 Ϫ/Ϫ and LDLr Ϫ/Ϫ mice. Compared to LDLr Ϫ/Ϫ , the levels of P-p65 at Ser536 were dramatically increased in the aortas of LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ mice ( Figure 8A ). Consistent with this observation, the levels of p65 and P-p65 in the nuclear extracts were higher in LDLr Ϫ/Ϫ / AMPK␣2 Ϫ/Ϫ mice than LDLr Ϫ/Ϫ mice ( Figure 8C) , as assayed by Western blot. As expected, MG132 treatment suppressed the phosphorylation of p65 in nucleus and p65 nuclear translocation in LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ mice (Figure 8C) . Taken together, our data suggest AMPK␣2 
AMPK␣2 Depletion Increases the Levels of Cytokines in Serum
The proinflammatory cytokines interleukin (IL)-2 and interferon-␥ in serum were significantly increased in LDLr Ϫ/Ϫ / AMPK␣2 Ϫ/Ϫ mice (Online Table II ). After MG132 treatment for 6 weeks, the levels of these cytokines in LDLr Ϫ/Ϫ / AMPK␣2 Ϫ/Ϫ mice were decreased to the levels seen in LDLr Ϫ/Ϫ mice. Interestingly, the antiinflammatory cytokines IL-5 and IL-10 were also significantly increased in LDLr Ϫ/Ϫ / AMPK␣2 Ϫ/Ϫ mice and were downregulated by MG132 treatment (Online Table II ).
Discussion
This study demonstrates for the first time that a global deletion of AMPK␣2 in vivo causes accelerated oxidative stress and endothelial dysfunction, all of which are abrogated by chronic administration of the proteasome inhibitor, MG132. Mechanistically, this phenotype is attributable to increased activity of the 26S proteasome and accelerated degradation of IB␣, resulting in excessive activation of NF-B and consequent NAD(P)H oxidase expression and activity. As 26S proteasome-dependent IB␣ degradation is a key step in NF-B activation, these findings suggest that AMPK-dependent suppression of 26S proteasome activity and consequent suppression of NAD(P)H oxidase expression reduces oxidative stress and, in this way, maintains the nonatherogenic and noninflammatory phenotype of endothelial cells.
One of the major findings of this study is that AMPK␣2 deletion increases oxidative stress by increasing NAD(P)H oxidase-derived ROS in endothelial cells. Importantly, we have identified NAD(P)H oxidase as the main source of ROS and have shown that AMPK depletion increases the expression of NAD(P)H oxidase subunits, in vivo. Accordingly, inhibition of NAD(P)H oxidase abolished ROS production and endothelial dysfunction in AMPK␣2 Ϫ/Ϫ mice. Further, scavenging of ROS with tempol, or inhibition of NAD(P)H oxidase with apocynin, significantly reversed the impairments in endothelium-dependent relaxation resulting from AMPK␣2 deficiency. Chronic administration of MG132, a potent proteasome inhibitor, suppressed endotheliumdysfunction, inflammation, oxidative stress, and NAD(P)H oxidase expression in LDLr Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ . Collectively, our results suggest that AMPK␣2 functions as a physiological suppressor of NAD(P)H oxidase and ROS production in endothelial cells. This conclusion is also supported by several published studies done in cultured cells, 8, 10, 25 which have shown that activation of AMPK inhibits ROS production induced by high glucose. However, 2 recent studies 26, 27 reported that AICAR potentates high glucose-induced mitochondrial ROS production and subsequent ␤-cell apoptosis through fatty acid oxidation. The reason for this discrepancy might be related to differences in the cell types used. Thus, these results obtained with HUVECs and MAEC should be interpreted with caution as HUVECs and MAEC are not the same and results from these 2 cell types may not necessarily be interchangeable.
We have also proposed a novel mechanism explaining how AMPK regulates the expression and activity of NAD(P)H oxidase in vivo. Increasing evidence shows that NAD(P)H oxidase subunits are transcriptionally upregulated in response to certain cytokines (tumor necrosis factor-␣, interferon ␥, IL-15), leading to increased or prolonged ROS production in endothelial cells. 28, 29 NF-B triggers NAD(P)H oxidase gene transcription in several cell types. 21 However, to the best of our knowledge, there is no evidence that NF-B-dependent NAD(P)H oxidase is operating in endothelial cells, in vivo. The data presented here clearly indicate that AMPK regulates NF-B activation by inhibiting the 26S proteasomedependent IB␣ degradation pathway. The ability of NF-B inhibition to decrease p67 phox and p47 phox protein levels in the absence of a stimulus suggests that basal expression of these subunits is regulated by the NF-B pathway. These results are consistent with several recent reports 30, 31 demonstrating that AMPK activation by metformin or AICAR inhibits NF-B activation by decreasing IKK-dependent IB␣ phosphorylation in endothelial cells.
The most important finding of our study is that chronic inhibition of 26S proteasome with MG132 abrogates vascular inflammation and endothelial dysfunction in vivo. The ubiquitin proteosome system acts to fine tune the intracellular levels of these factors to maintain optimal cell division, growth, differentiation, signal transduction, and stress responses. In addition, the ubiquitin proteasome system plays a key role in protein quality control by removing damaged, oxidized, and/or misfolded proteins. Structurally, the 26S proteasome consists of a catalytic core, the 20S proteasome, and a multisubunit regulatory protein, called PA700, which confers ATP/ubiquitin-dependent proteolytic properties to the 26S proteasome. 32 The 26S proteasome can also degrade proteins in an ATP-dependent and ubiquitin-independent fashion. 33 Proteasome-dependent degradation of IB␣, in particular, might be essential for the initiation and progression of atherosclerosis, as it unmasks the nuclear localization signal within NF-B dimers, allowing them to translocate to the nucleus and induce transcription of NAD(P)H oxidase subunits and proinflammatory cytokines. Thus, increased ubiquitin-proteasome activity may enhance cellular expression of NF-B target genes, an event that may be a crucial step in the pathophysiology of atherosclerosis progression. Our data demonstrates that chronic administration of MG132 abrogates abnormal expression of NAD(P)H oxidase, ROS, and endothelial dysfunction in LDL Ϫ/Ϫ /AMPK␣2 Ϫ/Ϫ . Consistent with this observation, ubiquitin-proteasome systems and NF-B activation have been associated with coronary and carotid plaque instability. 34 Currently, there is no evidence suggesting that NAD(P)H oxidase subunits such as p22 phox , p67 phox , p47 phox are subjected to ubiquitination and proteasomal degradation by 26S proteasome. Thus, an increased level of NAD(P)H oxidase is not likely attributable to their decreased rates of its degradation. Consistently, a recent study report that AMPK activation by AICAR and metformin inhibits 26S proteasome in vitro. 35 The 26S proteasome is composed of the 20S catalytic core, where the proteins are degraded, as well as one or two 19S regulatory complexes. In our experiments Western blot analysis revealed that there was no significant difference among protein levels of PA700 and ␤7 between wild type and AMPK-knockout mice (Xu et al, unpublished observations). It is likely AMPK might alter 26S proteasome activity by altering the phosphorylation status of proteasome subunits and/or the interaction of 19S and 20S proteasomes. In addition, dysfunctional NO release might also contribute to 26S proteasome activation in AMPK␣2 Ϫ/Ϫ mice because NO is reported to suppress the catalytic activity of the 26S proteasome 36 and AMPK can upregulate eNOS phosphorylation with increased NO production. 3, 5 Further studies are warranted.
In summary, we are the first to report that AMPK␣2 deletion increases the expression and activity of NAD(P)H oxidase, ROS production and endothelial dysfunction, all of which are abrogated by chronic administration of MG132. Our results suggest AMPK might function as a physiological suppressor of NF-B and NF-B-dependent NAD(P)H oxidase, 2 major players in cardiovascular diseases, including atherosclerosis and diabetes. In line with these observations, metformin, a widely used antidiabetic drug, was recently shown to exert its therapeutic effect in diabetes by activating AMPK. 18 In large-scale clinical trials, metformin also improved vascular function and dramatically reduced cardiovascular end points and mortality in type 2 diabetic patients. 37 Thus, the present study might provide rationales for pharmacological inhibition of 26S proteasome or AMPK-activating reagents in treating oxidative stress related cardiovascular diseases.
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